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Carrier localization phenomena in indium-rich InGaN/GaN multiple quantum wells (MQWs) grown on
sapphire and GaN substrates were investigated. Temperature-dependent photoluminescence (PL)
spectroscopy, ultraviolet near-field scanning optical microscopy (NSOM), and confocal time-resolved PL
(TRPL) spectroscopy were employed to verify the correlation between carrier localization and crystal
quality. From the spatially resolved PL measurements, we observed that the distribution and shape of
luminescent clusters, which were known as an outcome of the carrier localization, are strongly affected by
the crystalline quality. Spectroscopic analysis of the NSOM signal shows that carrier localization of MQWs
with low crystalline quality is different from that of MQWs with high crystalline quality. This interrelation
between carrier localization and crystal quality is well supported by confocal TRPL results.
G
aN-based light-emitting diodes (LEDs) have attracted much attention for solid-state lighting applications
owing to a strongly reduced energy consumption compared to traditional incandescent light bulbs1–7.
Particularly, InGaN active layers in light emitting devices have great scientific interest for the realization
of full-color displays due to the tunability of the energy gap along the entire visible range8–14. Owing to these
revolutionary benefits, the Nobel Prize in Physics was awarded for InGaN-based blue LEDs in 2014. Typically,
InGaN-based quantum wells (QWs) with low In contents (,20%; from near-UV to blue wavelengths) grown on
c-plane sapphire substrates have a high internal quantum efficiency (IQE), although GaN crystals contain a high
dislocation density (,109 cm22), which is induced by the large lattice mismatch between GaN and sapphire15–21.
The high IQE of InGaN-based QWs is attributed to carrier localization phenomena occurring in dot-like In-rich
InGaN formed in the InGaN layer22–25. Carrier localization reduces the effect of nonradiative recombination at the
dislocations26. The dot-like In-rich InGaN clusters are formed by In aggregation and phase separation of the
InGaN layer because of the immiscibility of GaN and InN27–29. However, the IQE of InGaN-based QWs, which
has a spectral range that extends from blue to green wavelengths, drops dramatically because of a crystalline
quality issue known as ‘‘green gap’’30,31. According to previous reports, the ‘‘green gap’’ has been explained by a
high dislocation density that results from a large lattice mismatch between InGaN and GaN. These dislocations
lead to an increased nonradiative recombination rate and charge separation that arises from the increased
piezoelectric polarization in the QW, leading to a reduced electron-hole wave function overlap32–34. To overcome
the ‘‘green gap’’, a number of research groups have investigated the optical properties of InGaN-based QWs.
Kaneta et al. suggested that the radiative recombination center of a green LED entirely depends on the local
crystalline quality35. Deet al. reported that a strong polarization field could arise from an In-rich InGaN region36.
Despite these reports, clear experimental evidence of the correlation between carrier localization and crystalline
quality is still needed. In this paper, we report on a study of In-rich InGaN/GaN multiple quantum wells (MQWs)
by using temperature dependent PL spectroscopy, near-field scanning optical microscopy, and confocal time-
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Results
In this study, in order to compare carrier localization phenomena as a
function of the crystalline quality of the epilayers, two different kinds
of substrates were used. The first one is a sapphire substrate, which is
typically used in the LED industry. In the case of GaN grown on
sapphire substrates, the GaN crystal has a high dislocation density of
,109 cm22 due to the large differences of lattice constants and ther-
mal expansion coefficients between sapphire and GaN37,38. The sec-
ond is a GaN substrate that is used for the homoepitaxial growth of
GaN epilayers. According to previous reports, GaN grown on free-
standing GaN substrates possesses a low dislocation density of
106 cm22 owing to a better homogeneity of the grown GaN layer39–41.
Fig. 1(a) is a schematic view of the sample structure. Un-doped GaN
was grown on sapphire and GaN substrates as a buffer layer. To keep
the conditions identical to a conventional LED structure, n-type GaN
that acts as an electron injection layer was grown on the un-doped
GaN layer. Finally, five pairs of InGaN/GaN MQWs emitting at a
wavelength of 520 nm were grown on the n-type GaN layer. To
define the crystalline quality of both samples, AFM surface scanning
was conducted. Before scanning the samples, wet chemical etching
was carried out by dipping the samples in diluted HCl (37%) for
1 min to reveal crystallographic defects. Surface topography images
of green MQWs on sapphire and GaN templates are shown in
Figs. 1(b) and (c), respectively. Various kinds of defects are clearly
observed for MQWs located on sapphire, such as edge dislocations
and grain boundaries (Fig. 1(b)). On the other hand, only small grain
boundaries are observed in MQWs grown on GaN as shown in
Fig. 1(c). Surface topography images indicate that the MQWs grown
on GaN have a lower crystal defect density than the MQWs sample
grown on sapphire.
To probe the carrier localization phenomena for both samples, we
first measured the PL spectra as a function of the temperature in a
range of 10 K to 300 K. Figs. 2(a) and (b) show temperature-depend-
ent PL spectra of MQWs on sapphire and GaN, respectively. All PL
spectra were normalized to compare the peak positions and their
shape. The main peak positions for MQWs on sapphire and GaN
are located around 2.3 eV and 2.1 eV, respectively. This difference in
peak position is attributed to variations of In composition and crystal
strain in InGaN QWs, which are induced by the lattice mismatch
between the GaN-based structure and the substrate. Fig. 2(c) shows
the PL peak position as a function of the temperature for both sam-
ples. As the temperature increases, both samples exhibit a red-shift in
the peak position. In general, the shrinkage of the energy band gap of
both GaN and InGaN epilayers that is observed for increasing tem-
peratures is explained by the Varshni empirical equation, Eg(T) 5 E0
2 aT2/(b 1 T), in which E0 is the transition energy at 0 K, and a and
b are the Varshni thermal coefficients42,43. Contrary to the MQWs on
the GaN substrate, MQWs fabricated on sapphire did follow the
typical temperature dependence of the energy gap shrinkage. On
the opposite, a blue-shift of the PL peak position was observed in
the temperature range of 30 K to 150 K. This ‘‘S-shaped’’ variation of
the peak position as a function of the temperature has been reported
to be evidence of carrier localization phenomena in InGaN epitaxial
layers25. To estimate the IQE of both samples, the Arrhenius plot of
the normalized integrated PL intensity for both samples was plotted
as shown in Fig. 2(d). Assuming that the IQE at 10 K is 100%, the
IQE of MQWs grown on sapphire and GaN are 5.2% and 12.7%,
respectively. This higher IQE implies that the density of radiative
recombination centers in the MQWs on the GaN sample is higher
because of the higher crystalline quality44–46. From the temperature-
dependent PL spectra, we can conclude that carrier localization phe-
nomena are affected by the crystalline quality of InGaN QWs.
To further investigate the PL characteristics versus the crystalline
quality of In-rich InGaN QWs, NSOM was employed, which was
performed in contact mode with a cantilever tip with a 100 nm
aperture. The 375 nm laser diode was used as an excitation source
to only excite the InGaN QWs. The PL emission was collected by an
objective lens underneath the sample and detected by a photomulti-
plier tube at room temperature. Figs. 3(a) and (b) are NSOM-PL
images of the MQWs sample grown on sapphire and GaN, respect-
ively. The scan size is 20 mm 3 20 mm for both images. As repre-
sented by the scale bar of the PL intensity, the white region
corresponds to PL intensities. The NSOM-PL image of the MQWs
grown on sapphire comprises a blurred luminescent area and lumin-
escent spots, while that of the MQWs grown on GaN is only com-
posed of luminescent spots, as depicted by Figs. 3(a) and (b),
respectively. Moreover, the density and uniformity of the lumin-
escent spots are much higher for the MQWs grown on GaN than
for those grown on sapphire. (see supplementary information, Figure
S1) The luminescent clusters are intimately related to carrier local-
ization as the probability of radiative recombination increases with
carrier density47,48. Consequently, the distribution of luminescent
clusters, which is revealed in the NSOM-PL images, reflects that
the carrier localization is strongly correlated with the crystalline
quality of the sample. (see supplementary information, Figure S2)
To confirm that the carrier localization phenomena are related to
the luminescent clusters as shown in the NSOM images, spatially
resolved spectroscopic NSOM measurements were carried out. The
PL emission was collected by an objective lens and sent to the mono-
chromator via a multimode optical fiber. Through synchronization
of the spectroscopic signal acquisition with the NSOM scanner, we
obtained the spectroscopic PL mapping images, each consisting of
256 3 256 pixels. Panchromatic NSOM-PL images of MQWs on
sapphire and GaN are shown in Figs. 4(a) and (b), respectively.
The scan size is 5 mm 3 5 mm for both samples. A combination of
a blurred luminescent area and luminescent spots is observed for
MQWs located on sapphire, whereas only luminescent spots are
revealed for MQWs grown on GaN. These results are consistent with
the previous NSOM results. From the complete scanned area, we
selected three different points for plotting the local PL spectra, which
are representative for the entire scan area. Points A and C represent
the shortest and longest PL emission, whereas point B corresponds to
the region with the highest PL emission intensity. Figs. 4(c) and (d)
show the local PL spectra corresponding to the characteristic points
A, B, and C, which are measured for MQWs grown on sapphire and
GaN, respectively. The peak positions of the PL spectra correspond-
ing to point B are well matched to the macro-PL spectra shown in
Figs. 2(a) and (b). The spatially resolved PL spectral range is wider for
the MQWs grown on GaN than for those grown on sapphire. More
precisely, for wavelength above 650 nm, the PL intensity of the
MQWs grown on GaN is higher than that of MQWs grown on
sapphire. (see supplementary information, Figure S3) To simplify
Figure 1 | (a) Schematics of In-rich InGaN/GaN MQWs on c-plane
sapphire and GaN substrates. The targeted emission wavelength was
520 nm. Topographic AFM images of MQWs on (b) sapphire and (c)
GaN. Various crystal defects are revealed by the topography of the MQWs
on sapphire.
www.nature.com/scientificreports
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the spectroscopic analysis of the NSOM results, wavelength-depend-
ent NSOM-PL images with spectral intervals of 50 nm are shown in
Figs. 4(e)–(n). The scale bar is 1 mm for all images, while the white
arrows indicate the corresponding position of points A, B, and C as
depicted in Figs. 4(c) and (d). The full spectral range covered by the
NSOM images goes from 450 nm to 700 nm. Figs. 4(e)–(i) are wave-
length-dependent NSOM images for MQWs grown on sapphire. The
obtained PL intensity is the highest for wavelengths ranging from
500 nm to 550 nm, and is dramatically reduced for longer wave-
lengths. In the dominant wavelength range, a blurred luminescent
area and luminescent spots appear simultaneously, which is in agree-
ment with previous results (Fig. 3). However, only luminescent spots
with weak intensity are observed at shorter and longer wavelengths.
Wavelength-dependent NSOM-PL images of MQWs on GaN are
shown in Figs. 4(j)–(n). The highest PL intensity was observed for
wavelengths ranging from 550 nm to 600 nm, and this quantity did
not decrease much as the center wavelength was further increased as
shown in Figs. 4(m) and (n). Longer PL emission wavelengths hint at
radiative recombination in a lower band gap. Furthermore, for
MQWs grown on GaN, only spot-like luminescent clusters were
observed along the entire analysed wavelength range. These results
support that InGaN/GaN MQWs with high crystalline quality con-
tain small and deep potential valleys. Based on the experimental
results, we could schematically describe the energy band gap of In-
rich InGaN QWs grown on sapphire and on GaN as shown in
Figs. 4(o) and (p), respectively. In the case of InGaN QWs grown
on sapphire, wide and shallow potential valleys can also occur in PL
spectra with low PL intensities and at lower wavelengths. On the
other hand, in the case of the MQWs grown on GaN, narrow and
deep potential valleys can explain the longer wavelength range of the
PL spectrum that exhibits the highest intensity. As a partial sum-
mary, via spectroscopic analysis, we also confirmed that carrier local-
ization of In-rich InGaN/GaN MQWs is strongly influenced by the
crystalline quality.
Figure 2 | Temperature-dependent PL spectra of MQWs grown on (a) sapphire and (b) GaN substrates. The peak positions of the room-temperature PL
spectra for MQWs grown on sapphire and GaN substrates are around 2.3 eV and 2.1 eV, respectively. (c) Changes of the PL spectral peak positions as a
function of the temperature. The ‘‘S-shaped’’ variation of the peak position is observed only for MQWs grown on GaN. (d) Arrhenius plots of both
samples to estimate the IQE. The IQE of the MQWs grown on sapphire and GaN are 5.2% and 12.7%, respectively.
Figure 3 | NSOM-PL images of MQWs grown on (a) sapphire and (b)
GaN. Both shape and distribution of the luminescent clusters are different
depending on the substrate on which the MQWs were grown.
www.nature.com/scientificreports
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To further confirm the correlation between luminescent clusters
and carrier localization phenomena, an investigation of the carrier
dynamics was conducted using confocal microscopy combined with
the TCSPC technique. A 405 nm pulsed laser was used as an excita-
tion source and the spatial resolution of the confocal image was
around 200 nm. Figs. 5(a) and (b) are the PL intensity mapping
images of MQWs grown on sapphire and GaN, respectively. The
scan area is 20 mm 3 20 mm, and each image consists of 256 3
256 pixels. Large luminescent clusters with low density are observed
for MQWs grown on sapphire, while small luminescent clusters with
high density are found for MQWs grown on GaN. Note that the
blurred luminescent area and luminescent spots cannot be distin-
guished in the confocal PL images due to the lower spatial resolution
of this method when compared to NSOM. Mapping images of the PL
decay time are presented in figs. 5(c) and (d) for MQWs grown on
sapphire and GaN, respectively. The area corresponding to a longer
PL decay time indicates an In-rich InGaN region, which satisfies the
condition of carrier localization49,50. In the case of the MQWs grown
on sapphire, higher PL intensity regions do not completely match
with regions characterized by longer decay times. In other words, the
trend observed for the PL intensity in the mapping image is different
from the one observed for the PL decay time. This means that intense
PL regions do not only coincide with In-rich InGaN regions. On the
contrary, for MQWs grown on GaN, the regions of higher PL intens-
Figure 4 | Panchromatic NSOM-PL images of MQWs grown on (a) sapphire and (b) GaN. Only spot-like luminescent clusters are observed in MQWs
grown on GaN. Local PL spectra measured at points A, B, and C for MQWs grown on (c) sapphire and (d) GaN. A longer PL wavelength range and
higher PL intensity is observed for MQWs placed on GaN. NSOM-PL images of MQWs grown on (e)–(i) sapphire and on (j)–(n) GaN using a 50 nm
band-pass filter. The band-pass wavelength ranges for image filtering are given by (e, j) 450 nm–500 nm, (f, k) 500 nm–550 nm, (g, l) 550 nm–600 nm,
(h, m) 600 nm–650 nm, and (i, n) 650 nm–700 nm. The emission of MQWs grown on GaN occurs at a higher PL wavelength when compared to MQWs
grown on sapphire. Sketch of the energy band diagram for MQWs grown on (o) sapphire and (p) GaN. The deep and narrow potential valleys for MQWs
on GaN can be explained by the NSOM results.
www.nature.com/scientificreports
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ity match well those corresponding to a longer PL decay time. This
behaviour reflects that higher PL intensity regions are In-rich InGaN
regions. Fig. 5(e) and (f) are local PL decay curves measured at points
A and B as marked in the confocal mapping images, respectively. All
curves are normalized to facilitate their mutual comparison. Points A
and B are representative positions for high and low PL intensities,
respectively. A small difference in the PL decay time between points
A and B was observed for MQWs grown on sapphire. Meanwhile, a
large difference in PL decay time was detected from both points for
MQWs grown on GaN. These results include that luminescent clus-
ters of MQWs grown on sapphire are not only governed by the
amount of In content in the InGaN QWs, which is not the case for
MQWs grown on GaN. To study the carrier dynamic in details, the
PL decay curves have been fitted by using the stretched exponential
function:
I tð Þ~ I0exp { t=Tð Þb½ 
where b is the stretching parameter and I(t) is the time-dependent PL
intensity51. The stretching parameter b was concerned by localized
states in the QW, and is closely related to the crystalline quality52. All
parameters extracted from the fitting process are presented in
Table 1. The parameters extracted from point A are almost identical
for both samples. However, for the point B entirely different para-
meters were found for each sample. Notably, a much higher stretch-
ing parameter b was observed for MQWs grown on sapphire. This
higher value of b implies that the lower PL intensity of MQWs on
sapphire substrates was caused by crystal defects. Moreover, the fast
and slow PL decay times corresponding to point B for the sapphire
sample are about 70% and 65% longer than those measured for the
GaN sample. Longer PL decay times could be explained by carrier
trapping, which is caused by defect states in forbidden bands. These
observations also support that the lower PL intensity of MQWs
grown on sapphire is mainly caused by the lower crystalline quality.
Discussion
Carrier localization of In-rich InGaN/GaN MQWs was investigated
via spatially resolved optical characterization using NSOM and con-
focal TRPL. To assess the correlation between carrier localization
and crystal quality, sapphire and GaN have been used as substrates
for the growth of InGaN/GaN MQWs. We found a strong correlation
Figure 5 | Confocal PL mapping images of MQWs grown on (a) sapphire and (b) GaN. The highest density of luminescent clusters with smaller sizes is
observed for MQWs grown on GaN. Confocal TRPL mapping images of MQWs grown on (c) sapphire and (d) GaN. Only for MQWs grown on
GaN, the intense PL intensity regions match regions of longer PL decay times well. Local PL decay curves measured at points A and B for MQWs grown on
(e) sapphire and (f) GaN, as marked in the above confocal mapping images. The PL decay time difference between points A and B is higher for MQWs
grown on GaN.
www.nature.com/scientificreports
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between the carrier localization and the crystal quality based on
temperature dependent PL results. The distribution of luminescent
clusters on both samples was shown to be quite different as revealed
by the NSOM analysis. The clear relation between the luminescent
clusters and the longer PL decay time regions strongly support the
claim that carrier localization is strongly affected by the crystal qual-
ity. Accurate understanding of the optical characteristics of In-rich
InGaN/GaN MQWs is the way to overcome the ‘‘green gap’’ issue,
which would ultimately lead to pure white LEDs.
Methods
Topographical characterization. The topography of the sample surfaces was probed
by commercial atomic force microscopy (AFM) in contact mode (Anasys
Instruments).
Optical characterization. For the macro-PL measurements, a 30 cm
monochromator (SP2300, Princeton Instrument) was employed to disperse the
collected light, a thermoelectrically cooled charge-coupled device (CCD) was used to
detect the optical signal (PIXIS100, Princeton Instrument), and furthermore, a He–
Cd continuous wave laser operating at 325 nm (IK3501R-G, KIMMON)with a power
of 50 mW was used as an excitation source. The temperature was controlled between
approximately 10 K and 300 K using a closed-cycle cryostat (ST-100, JANIS).
Near-field scanning optical microscopy (NSOM). NSOM was performed by a
WITec Alpha SNOM, using a silicon cantilever tip with a ,100 nm aperture. A solid-
state laser operated at 375 nm was used as the excitation source. The PL emitted from
local sample areas was collected by a microscope objective in transmission mode. The
light collected from the objective was sent to a monochromator through a multimode
optical fiber and was detected using a thermoelectrically cooled CCD detector.
Time-resolved Photoluminescence (TRPL). For analysis of TRPL, a multifunctional
confocal microscopy including a time-correlated single photon counting (TCSPC)
system was employed (NTEGRA, NT-MDT). For the TRPL excitation source, a
405 nm pulsed laser with a repetition rate of 80 MHz and a pulse width of 80 ps was
used. A high-speed PMT detector (PMC-100, Photonic Solutions) was applied for
TCSPC photon counting.
1. Morkoç, H. & Mohammad, S. N. High-Luminosity Blue and Blue-Green Gallium
Nitride Light-Emitting Diodes. Science 267, 51–55 (1995).
2. Ponce, F. A. & Bour, D. P. NItride-based semiconductors for blue and green light-
emitting devices. Nature 386, 351–359 (1997).
3. Waltereit, P. et al. Nitride semiconductors free of electrostatic fields for efficient
white light-emitting diodes. Nature 406, 865–868 (2000).
4. Wierer, J. J., David, A. & Megens, M. M. III-nitride photonic-crystal light-emitting
diodes with high extraction efficiency. Nat. Photon. 3, 163–169 (2009).
5. Choi, J. H. et al. Nearly single-crystalline GaN light-emitting diodes on
amorphous glass substrates. Nat. Photon. 5, 763–769 (2011).
6. Kim, J. et al. Less strained and more efficient GaN light-emitting diodes with
embedded silica hollow nanospheres. Sci. Rep. 3, 3201 (2013).
7. Shon, J. W., Ohta, J., Ueno, K., Kobayashi, A. & Fujioka, H. Fabrication of full-
color InGaN-based light-emitting diodes on amorphous substrates by pulsed
sputtering. Sci. Rep. 4, 5325 (2014).
8. Isamu, A. & Hiroshi, A. Crystal Growth and Conductivity Control of Group III
Nitride Semiconductors and Their Application to Short Wavelength Light
Emitters. Jpn. J. Appl. Phys. 36, 5393–5408 (1997).
9. Nakamura, S. The Roles of Structural Imperfections in InGaN-Based Blue Light-
Emitting Diodes and Laser Diodes. Science 281, 956–961 (1998).
10. Isamu, A. & Hiroshi, A. Breakthroughs in Improving Crystal Quality of GaN and
Invention of the p–n Junction Blue-Light-Emitting Diode. Jpn. J. Appl. Phys. 45,
9001–9010 (2006).
11. O’Donnell, K. P., Martin, R. W. & Middleton, P. G. Origin of Luminescence from
InGaN Diodes. Phys. Rev. Lett. 82, 237–240 (1999).
12. Ferhat, M., Furthmuller, J. & Bechstedt, F. Gap bowing and Stokes shift in InxGa1-
xN alloys: First-principles studies. Appl. Phys. Lett. 80, 1394–1396 (2002).
13. Franssen, G. et al. Bowing of the band gap pressure coefficient in In(x)Ga(1-x)N
alloys. J. Appl. Phys. 103, 033514 (2008).
14. Horiuchi, N. Light-emitting diodes: Natural white light. Nat. Photon. 4, 738–738
(2010).
15. Fasol, G. Room-Temperature Blue Gallium Nitride Laser Diode. Science 272,
1751–1752 (1996).
16. Khan, A., Balakrishnan, K. & Katona, T. Ultraviolet light-emitting diodes based on
group three nitrides. Nat. Photon. 2, 77–84 (2008).
17. Pimputkar, S., Speck, J. S., DenBaars, S. P. & Nakamura, S. Prospects for LED
lighting. Nat. Photon. 3, 180–182 (2009).
18. Dai, Q. et al. Internal quantum efficiency and nonradiative recombination
coefficient of GaInN/GaN multiple quantum wells with different dislocation
densities. Appl. Phys. Lett. 94 111109 (2009).
19. Zhao, H. et al. Approaches for high internal quantum efficiency green InGaN
light-emitting diodes with large overlap quantum wells. Opt. Express 19,
A991–A1007 (2011).
20. Guangyu, L., Jing, Z., Chee Keong, T. & Tansu, N. Efficiency-Droop Suppression
by Using Large-Bandgap AlGaInN Thin Barrier Layers in InGaN Quantum-Well
Light-Emitting Diodes. IEEE Photonics J. 5, 2201011 (2013).
21. Han, D.-P. et al. Nonradiative recombination mechanisms in InGaN/GaN-based
light-emitting diodes investigated by temperature-dependent measurements.
Appl. Phys. Lett. 104, 151108 (2014).
22. Park, I. K. et al. Green light-emitting diodes with self-assembled In-rich InGaN
quantum dots. Appl. Phys. Lett. 91, 133105 (2007).
23. Zhang, M., Bhattacharya, P. & Guo, W. InGaN/GaN self-organized quantum dot
green light emitting diodes with reduced efficiency droop. Appl. Phys. Lett. 97,
011103 (2010).
24. Gacevic, Z. et al. Internal quantum efficiency of III-nitride quantum dot
superlattices grown by plasma-assisted molecular-beam epitaxy. J. Appl. Phys.
109, 103501 (2011).
25. Cho, Y.-H. et al. ‘‘S-shaped’’ temperature-dependent emission shift and carrier
dynamics in InGaN/GaN multiple quantum wells. Appl. Phys. Lett. 73, 1370–1372
(1998).
26. Jinschek, J. R., Erni, R., Gardner, N. F., Kim, A. Y. & Kisielowski, C. Local indium
segregation and bang gap variations in high efficiency green light emitting InGaN/
GaN diodes. Solid State Commun. 137, 230–234 (2006).
27. Chuo, C. C., Chang, M. N., Pan, F. M., Lee, C. M. & Chyi, J. I. Effect of composition
inhomogeneity on the photoluminescence of InGaN/GaN multiple quantum
wells upon thermal annealing. Appl. Phys. Lett. 80, 1138–1140 (2002).
28. Lai, Y. L. et al. Origins of efficient green light emission in phase-separated InGaN
quantum wells. Nanotech. 17, 3734–3739 (2006).
29. Deng, Z. et al. Indium segregation measured in InGaN quantum well layer. Sci.
Rep. 4, 6734 (2014).
30. Park, I. K. & Park, S. J. Green Gap Spectral Range Light-Emitting Diodes with Self-
Assembled InGaN Quantum Dots Formed by Enhanced Phase Separation. Appl.
Phys. Express 4, 042102 (2011).
31. Deng, Z. et al. A novel wavelength-adjusting method in InGaN-based light-
emitting diodes. Sci. Rep. 3, 3389 (2013).
32. Zhao, H. P. et al. Approaches for high internal quantum efficiency green InGaN
light-emitting diodes with large overlap quantum wells. Opt. Express 19,
A991–A1007 (2011).
33. De, S. et al. Quantum-confined stark effect in localized luminescent centers within
InGaN/GaN quantum-well based light emitting diodes. Appl. Phys. Lett. 101,
121919 (2012).
34. Shinji, S., Rei, H., Jongil, H. & Shinya, N. InGaN Light-Emitting Diodes on c -Face
Sapphire Substrates in Green Gap Spectral Range. Appl. Phys. Express 6, 111004
(2013).
35. Kaneta, A., Funato, M. & Kawakami, Y. Nanoscopic recombination processes in
InGaN/GaN quantum wells emitting violet, blue, and green spectra. Phys. Rev. B
78, 125317 (2008).
36. De, S. et al. Quantum-confined stark effect in localized luminescent centers within
InGaN/GaN quantum-well based light emitting diodes. Appl. Phys. Lett. 101,
121919 (2012).
37. Srikant, V., Speck, J. & Clarke, D. Mosaic structure in epitaxial thin films having
large lattice mismatch. J. Appl. Phys. 82, 4286–4295 (1997).
38. Ashby, C. I. et al. Low-dislocation-density GaN from a single growth on a textured
substrate. Appl. Phys. Lett. 77, 3233–3235 (2000).
39. Kelly, M. K. et al. Large free-standing GaN substrates by hydride vapor phase
epitaxy and laser-induced liftoff. Jpn. J. Appl. Phys. 238, L217–L219 (1999).
40. Kim, T. S., Park, J. Y., Cuong, T. V. & Hong, C. H. Comparison of InxGa1-xN/GaN
MQWs grown on GaN and sapphire substrates. J. Korean Phys. Soc. 49,
2001–2005 (2006).
Table 1 | TRPL parameters extracted from PL decay curves of bright and dark regions on the both of sapphire and GaN
A1 A2 t1 (ns) t2 (ns) b
Bright area (A) on sapphire 0.554 0.619 0.892 3.470 0.685 6 0.005
Dark area (B) on sapphire 0.348 0.926 3.508 1.161 0.748 6 0.005
Bright area (A) on GaN 0.607 0.589 0.815 3.542 0.661 6 0.006
Dark area (B) on GaN 0.160 1.325 2.127 0.684 0.598 6 0.012
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 5 : 9373 | DOI: 10.1038/srep09373 6
41. Cuong, T. V. et al. Strain-induced compositional fluctuation and V-defect
formation in green-InGaN/GaN multi-quantum wells grown on sapphire and
freestanding GaN substrates. Jpn. J. Appl. Phys. 46, L372–L375 (2007).
42. Shan, W. et al. Temperature dependence of interband transitions in GaN grown
by metalorganic chemical vapor deposition. Appl. Phys. Lett. 66, 985–987 (1995).
43. Manasreh, M. Optical absorption near the band edge in GaN grown by
metalorganic chemical-vapor deposition. Phys. Rev. B 53, 16425 (1996).
44. Wuu, D.-S. et al. Defect reduction of laterally regrown GaN on GaN/patterned
sapphire substrates. Journal of Crystal Growth 311, 3063–3066 (2009).
45. Cheng, J.-H., Wu, Y. S., Liao, W.-C. & Lin, B.-W. Improved crystal quality and
performance of GaN-based light-emitting diodes by decreasing the slanted angle
of patterned sapphire. Appl. Phys. Lett. 96, 051109 (2010).
46. Kuo, Y.-K., Chang, J.-Y. & Tsai, M.-C. Enhancement in hole-injection efficiency of
blue InGaN light-emitting diodes from reduced polarization by some specific
designs for the electron blocking layer. Opt. letters 35, 3285–3287 (2010).
47. Krestnikov, I. L. et al. Quantum dot origin of luminescence in InGaN-GaN
structures. Phys. Rev. B 66, 155310 (2002).
48. Lee, L. K., Zhang, L., Deng, H. & Ku, P.-C. Room-temperature quantum-dot-like
luminescence from site-controlled InGaN quantum disks. Appl. Phys. Lett. 99,
263105 (2011).
49. Pophristic, M., Long, F. H., Tran, C., Ferguson, I. T. & Karlicek, R. F. Time-
resolved photoluminescence measurements of quantum dots in InGaN multiple
quantum wells and light-emitting diodes. J. Appl. Phys. 86, 1114–1118 (1999).
50. Ryu, M. Y. et al. Indium-incorporation-induced transformation of optical,
photoluminescence and lasing properties of InGaN epilayers. Solid State
Commun. 126, 329–332 (2003).
51. Shlesinger, M. F. Fractal Time in Condensed Matter. Annu. Rev. Phys. Chem. 39,
269–290 (1988).
52. Ebaid, M. et al. Ultrashort carrier lifetime of vapor-liquid-solid-grown GaN/
InGaN multi-quantum-well coaxial nanorods. ACTA Mater. 65, 118–124 (2014).
Acknowledgments
This work was supported by IBS-R011-D1 of Korea and the Human Resources
Development program (No. 20124010203270) of the Korea Institute of Energy Technology
Evaluation and Planning (KETEP) grant funded by the Korea government Ministry of
Trade, Industry and Energy and partially by the FUI MULTISS project (F1305008 M).
Author contributions
H.J. carried out experiment measurements, data analysis and manuscript preparation. The
temperature-dependent PL spectra conducted by H.J.J., H.M.O. carried out measurement
of AFM topographic images. Crystal growth of both samples was performed by C.-H.H. and
E.-K.S., G.L. and M.S.J. contributed to experiment planning, data analysis and manuscript
preparation.
Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Jeong, H. et al. Carrier localization in In-rich InGaN/GaN multiple
quantum wells for green light-emitting diodes. Sci. Rep. 5, 9373; DOI:10.1038/srep09373
(2015).
This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 5 : 9373 | DOI: 10.1038/srep09373 7
